Activated carbon binderless monoliths with high consistency and large porosity, synthesised from a mesophase pitch, are studied as electrodes for supercapacitors. impregnating agents showed that it is possible to prepare highly porous binderless activated carbon monoliths by just introducing the impregnated mass into a cylindrical mould and applying heat and pressure before heat treatment [22, 23] . However, the 4 electrochemical properties of this type of monolith have not, to our knowledge, been reported yet, probably as a consequence of poor electrical conductivity.
Abstract.-
Activated carbon binderless monoliths with high consistency and large porosity, synthesised from a mesophase pitch, are studied as electrodes for supercapacitors. The electrochemical cells prepared provided high capacitance values in sulphuric acid media (334 F g -1 ) and very low electrical resistivity, which results in a very efficient energy storage device (12 Wh Kg -1 maximum energy density and 12,000 W Kg -1 maximum power density). Long-term cycling experiments showed excellent stability with a reduction of the initial capacitance values of 19 % after performing 23,000 galvanostatic cycles at ∼300 mA g -1 .
part of the porosity of the carbon [11, 12] and additionally causes an increase in electrical resistivity [13, 14] . Consequently, the use of binderless electrodes in supercapacitors would provide significant benefits: they can be handled easily compared to the conventional porous carbons (e.g. activated carbons or carbon nanotubes) and they do not require any conductive additive such as carbon black during the preparation of the electrode.
Some monolithic structures (e.g. aerogeles [15, 16] , templates from silica monoliths [17] , or ceramic-carbon composites [18] ) have been used in electrochemical applications (e.g. EDLCs, electrosorptive processes such as capacitative deionization [19, 20] , etc.) where high surface area and electrical conductivity are critical properties. impregnating agents showed that it is possible to prepare highly porous binderless activated carbon monoliths by just introducing the impregnated mass into a cylindrical mould and applying heat and pressure before heat treatment [22, 23] . However, the electrochemical properties of this type of monolith have not, to our knowledge, been reported yet, probably as a consequence of poor electrical conductivity.
Promising monoliths obtained from mesophase-based materials were recently developed [24] taking profit from their self-sintering ability. These binderless materials seem to be very attractive precursors to be used in supercapacitors, making up the novelty of the present work.
This paper reports the use of microporous activated carbon binderless monoliths (ACM) with high consistency and large porosity synthesised from mesophase pitch (MP) as electrode precursor in electrochemical capacitors.
2.-Experimental

2.1.-Carbon-based Monoliths preparation.-
A petroleum residue (ethylene-tar) [25] was pyrolyzed in a laboratory pilot plant at 440 ºC and a pressure of 1.0 MPa, using a heating rate of 10 ºC/min and a soak time of 4 h to yield MP [26] . Detailed description of the procedure was reported elsewhere [24] . 
2.2.-Activated carbon and electrode preparation.-
In order to compare with monolith ACM-B, a powdered activated carbon (AC-B)
was prepared using the same MP and KOH ratio. In this case the elaboration of electrodes required the conventional addition of a binding polymer (10 % wt. PVDF).
2.3.-ACMs characterization.-
The ACMs were characterized by adsorption of N 2 at 77 K. The apparent or equivalent BET area was determined from the N 2 -adsorption isotherm using the BET equation. The Dubinin-Radushkevich (DR) equation was applied to the isotherms to obtain the total micropore volume (V 0 ) [27] . The volume of mesopores was obtained by difference between the volume measured at P/P 0 =0.95 and V 0 . The pore width (L 0 ) was calculated from pore size distribution curves obtained using DFT calculations.
The electrochemical properties of the monoliths (ACMs) were tested using a Long-term behavior of the cells was studied by galvanostatic cycling at a current load of 500 mA g -1 and 1 V. The effect of cycling on the specific capacitance values was assessed.
The amount and type of oxygenated surface groups were determined by temperature-programmed decomposition (TPD) under inert atmosphere (He). The sample (150 mg) was placed in a U-shaped quartz cell and treated at 100 ºC for 1 h under a He flow of 50 ml min -1 . Then, the temperature was raised at 10ºC min −1 to 1000 ºC. On-line mass spectrometry was used to measure the decomposition products (CO and CO 2 ).
3.-Results and discussion
3.1.-Textural and chemical characteristics of the ACMs.-
The N 2 (77K) adsorption isotherms for the three electrode materials (Figure 1) are type I, with a well defined plateau, indicating that the materials are essentially microporous. The broadening of the knee in the very low relative pressures range indicates that the microporosity of the material becomes wider upon increasing KOH/MP ratio, especially for sample ACM-A. The analysis of the microstructure of a transversal section of the monolith by SEM ( Figure 2 ) reveals a continuous mass with no grain boundaries. The existence of voids of several microns, which may have formed in the original boundaries of the MP grains with KOH particles, can clearly be observed. In this way, the sample has a large amount of microporosity, with high accessibility due to the interparticle voids.
The amount and type of oxygen surface groups were determined by temperatureprogrammed decomposition (TPD). All samples have very similar desorption amounts of CO and CO 2 produced upon heat-treatment, values being: [CO] = 0.453 mmol g -1 ,
[CO 2 ] = 0.078 mmol g -1 for ACM-B. Therefore, the differences in electrochemical behaviour of the samples would mainly result from their textural parameters, as functionalities may affect in the same way to all the samples. Figure 3 shows the dependence of the specific capacitance values with the current density measured for the three ACMs synthesized. The higher capacitance values correspond to sample ACM-A, which correlates with its higher surface area (see Table 1 ), followed by sample ACM-B, and the lowest capacitance values are those obtained for sample ACM-C. For example, at the lowest current density measured (1 mA) the specific capacitance values obtained for ACM-A are as high as 334 F g -1 .
3.2.-Electrochemical characteristics of the ACMs.-
In order to study the resistance of the electrochemical cells prepared, impedance spectroscopy measurements were performed (Figure 4.a) . The knee frequency appears at ∼ 150 mHz, value that separates the capacitative behavior of the capacitor (vertical line, at low frequencies [28] ) from the resistive one (at high frequencies). At high frequencies, the imaginary part of the impedance tends towards zero and the resistance measured is related to the ionic resistance of the electrolyte. In the mid-frequency range, the cell behaves as a combination of resistor and capacitor, where the electrode porosity and thickness play a vital role in the determination of capacitance values [29] . In the range of medium-high frequencies no semicircle can be observed for any of the ACMs.
The absence of this loop indicates that the materials have a really low intrinsic resistance. Additionally, the Warburg-like behaviour of the spectra indicates that there is a good electrolyte penetration in the porous structure of the bulk electrode (RC network distribution [30] ). This is also reflected in the low ESR values obtained for the three samples: ∼ 0.6 Ω cm 2 . These low ESR values make these monolithic materials very attractive for the application under study.
For comparison purposes, a supercapacitor was assembled with the conventional carbon/polymer composite (AC-B) using the same electrolyte. The impedance spectra of the conventional composite and that corresponding to the monolithic electrode alteration in the shape of the cycle is the reduction in the current intensity during the anodic sweep, an effect generally ascribed to carbon oxidation [31] . As described elsewhere [32, 33] this oxidative phenomenon is more pronounced in the positive electrode, whereas the negative electrode hardly changes its performance during longterm cycling.
4.-Conclusions
Novel binderless monolithic materials prepared from a self-sintering mesofase- galvanostatic charge-discharge cycles, which mainly occurred during the first 3,500 cycles. 
